Abstract Longevity and aging are influenced by common intracellular signals of the insulin/insulin-like growth factor (IGF)-1 pathway. Abnormally high levels of bioactive IGF-1 increase the development of various cancers and may contribute to metabolic diseases such as insulin resistance. Enhanced availability of IGF-1 is promoted by cleavage of IGF binding proteins (IGFBPs) by proteases, including the pregnancyassociated plasma protein-A (PAPPA). In vitro, PAPP-A is regulated by pro-inflammatory cytokines (PICs) such as interleukin (IL)-6 and tumor necrosis factor (TNF). Mice born with deficiency of the Papp-a gene (PAPP-A knockout (KO) mice) live ∼30-40 % longer than their normal littermates and have decreased bioactive IGF-1 on standard diets. Our objective was to elucidate how the effects of high-fat, high-sucrose diet (HFHS) promote obesity, induce metabolic dysfunction, and alter systemic cytokine expression in PAPP-A KO and normal mice. PAPP-A KO mice fed HFHS diet for 10 weeks were more glucose tolerant and had enhanced insulin sensitivity compared to normal mice fed HFHS diet. PAPP-A KO mice fed HFHS diet had lower levels of pro-inflammatory cytokines (IL-2, IL-6, and TNF-α) compared to normal mice fed the same diet. However, anti-inflammatory cytokine levels (IL-4 and adiponectin) were higher in PAPP-A KO mice fed AGE (2015) 37: 51 
Introduction
Longevity and aging are strongly associated with insulin-like growth factor-1 (IGF-1) and insulin signaling, which share common intracellular pathways (Milman et al. 2014; Berryman et al. 2008; BrownBorg et al. 1996; Bartke 2003; 2005) . Effects of IGF-1 resemble the effects of insulin, and IGF-1 generally promotes insulin signaling in the cell (Blundell and Humbell 1980) . Abnormally high levels of bioactive IGF-1 increase the development of various cancers and may contribute to metabolic diseases such as insulin resistance (Braun et al. 2011; Combs 2008) . Availability of bioactive IGF-1 depends on the levels of IGF-1-binding proteins (IGFBPs) and can be enhanced by cleaving these proteins with proteases, including the pregnancy-associated plasma protein-A (PAPP-A). Pregnancy-associated plasma protein-A is a metalloprotease that is not specific to pregnancy but synthesized in many cells including osteoblasts, fibroblasts, and smooth muscle cells (Conover et al. 2001 (Conover et al. , 2008 . This protease is also found at low levels in ovarian follicles, follicular fluid, luteal cells, and fallopian tubes of nonpregnant women and in the seminal vesicles and seminal fluid of males (Conover et al. 2001) . The activity of the PAPP-A protease increases the levels of bioactive IGF-1 by cleaving IGFBPs of the IGF system, specifically IGFBP-4 and IGFBP-5, and thus promotes insulin/ IGF-1 cell signaling.
Conover and colleagues reported that mice born with a deficiency of Papp-a live ∼30 % longer than their normal littermates, have reduced bioactive IGF-1, and exhibit "mild-dwarfism" at birth-being 60 % smaller when compared to normal littermates and 40 % of body weight compared to normal littermate during development (Conover et al. 2001; Conover et al. 2004; Conover and Bale 2007) . Other types of mice with increased lifespan include Ames dwarf (Brown-Borg et al. 1996) , Snell dwarf (Flurkey et al. 2002) , and growth hormone receptor/growth hormone binding protein knockout (GHR-KO) (Coschigano et al. 2003) mice. While PAPP-A knockout (KO) mice have essentially "normal" endocrine signaling, Ames dwarf, Snell dwarf, and GHR-KO mice have primary and secondary endocrine abnormalities in the growth hormone (GH) and insulin/IGF-1 pathway (Bartke et al. 2011; Coschigano et al. 2003) . These different types of longlived dwarf mice are similar in various metabolic parameters, such as suppressed levels of circulating IGF-1, insulin, and glucose (Berryman et al. 2008; Brown-Borg et al. 1996; Bartke et al. 2005) . In PAPP-A KO mice, circulating levels of IGF-1 are not different when compared to normal littermates (Conover and Bale 2007) . However, bioactive IGF-1 is decreased, highlighting a role of IGF-1 levels in relation to lifespan, as already established in various types of dwarf mice with low growth hormone signaling (Berryman et al. 2008; Brown-Borg et al. 1996; Bartke et al. 2005 ) and suggested by recent findings in humans (Milman et al. 2014) .
Previous studies reported that type 2 diabetic patients with and without hypercholesterolemia have higher levels of PAPP-A in serum (Pellitero et al. 2009 ), suggesting that glycemic control is associated with PAPP-A expression. Longevity may be altered by metabolic stressors, such as high-energy diets, which are known to alter and possibly impair the IGF-1/insulin pathway. This metabolic impairment is now recognized as an important component of obesity-linked inflammatory diseases including insulin resistance, fatty liver disease, and atherosclerosis (Sethi and Hotamisligil 1999) , therefore increasing the risk of metabolic diseases and reducing longevity. Combination diets such as high-fat and high-simple carbohydrate (sucrose) (HFHS) diet, which promote obesity and induce inflammation, are associated with metabolic syndrome. However, the diet's effects on proteases, including PAPP-A, and its further regulation of the insulin/IGF-1 system remain to be elucidated. Thus, we investigated the effects of the papp-a knockout on the effects of a high-fat/high-sucrose diet at an age when excessive dietary lipids and carbohydrate consumption promote considerable metabolic dysfunction that may be associated to aging in homozygous normal (+/+) compared to the homozygous knockout (−/−) littermates.
Material and methods

Animals and diet
Heterozygous PAPP-A +/− mice were generously provided by Dr. C. Conover (Division of Endocrinology, Metabolism and Nutrition, Endocrine Research Unit, Mayo Clinic, Rochester, MN, USA). These mice were generated on a mixed C57BL/6 and 129 background and are susceptible to diet-induced obesity. To establish our PAPP-A colony, PAPP-A +/− male and female mice were mated. Progeny consists PAPP-A −/− (dwarf), PAPP-
, and PAPP-A +/− (the latter two, which are phenotypically indistinguishable, were used as normal controls). Animals were entered in the study at 12-14 months of age and were provided ad libitum with nutritionally balanced experimental diets. In experiment 1, four experimental groups consisted of PAPP-A KO (n=10) and normal littermate (n=10) females fed a lowfat, low-sucrose diet (LFLS: D12328 Research Diets, New Brunswick, NJ) and PAPP-A KO (n=10) and normal littermate (n=10) females fed a HFHS diet (D12331 Research Diets, New Brunswick, NJ) for 12 weeks (See Supplementary Table 1 for detailed nutrient ingredients). In experiment 2, two experimental groups consisted of PAPP-A KO (n=4) and normal littermate (n=3) fed a standard chow diet (STD; 5001* Lab Diet, St. Louis, MO) until 12 months of age and subsequently switched to HFHS diet (D12331 Research Diets, New Brunswick, NJ) for 10 weeks for calorimetric analysis. Food intake was measured weekly for 10 weeks. Average daily feed intake was expressed as food (g)/day/bw (g). The animals were housed under temperature-and light-controlled conditions (20-23°C, 12-h light/12-h dark cycle). All animal protocols for this study were approved by the Southern Illinois University School of Medicine Laboratory Animal Care and Use Committee.
Age category classification PAPP-A KO mice and normal littermate mice were middle-aged Bale 2007, Conover et. al. 2008) in all experiments in order to address gerontological queries regarding metabolic function and immune response. Thus, we categorized middle age as the period between when approximately 90 % of the control subjects are still alive and median survivorship and old age as the period between median survivorship and when approximately 10 % of the subjects are alive (Arum et al. 2014 ).
Body weight and fat pad weight Body weights were recorded weekly. White adipose tissue (WAT) and subcutaneous (inguinal) visceral (retroperitoneal) and intrascapular brown adipose tissue (iBAT) were removed and weighed at tissue harvest. Normalized adipose tissues weights were calculated by the following: final weight of fat pad/final whole body weight×100.
Fasted glucose
During the 12-week feeding phase of the experiment, mice were fasted overnight for 16 h on a weekly basis. Blood was collected by cutting the tip of the tail, and fasted glucose was measured by a glucometer (WaveSense, Agamatrix Inc, Salem, NH).
Glucose tolerance testing
Mice were fasted for 16 h, blood glucose was measured, and glucose at a dose of 1 g /kg of body weight was injected i.p. (time 0). Sequential glucose measurements were taken by glucometer at 15, 30, 45, 60, and 120 min (Menon et al. 2014 ).
Insulin sensitivity testing
Mice were fasted by removing food 1 h before testing, and insulin at a dose of 0.1 international units (IU) was injected i.p. (time 0). Sequential glucose measurements were taken by glucometer at 15, 30, 45, 60, and 120 min (Menon et al. 2014 ).
PAPP-A gene expression
Hepatic levels of mouse PAPP-A mRNA were measured by real-time polymerase chain reaction (PCR) using β-2 microglobulin (β2M) as a housekeeping gene. The real-time PCR was performed using the Smart Cycler instrument (Cepheid, Sunnyvale, CA) with iQ SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA). Each reaction contained 12.5 μl of iQ SYBR Green Supermix, 0.4 μM each of mouse PAPP-A, 5′-CGGCTTCCTGTTGGAC-3′ forward and 5′-CAATCTGTTGCCAGCTCA-3′ reverse primers (Conover et al. 2010) , and 2 μl of cDNA (after dilution 3 H 2 O:1 cDNA mix). The three steps of the PCR included denaturation at 94°C for 2 min, annealing at 62°C for 30 s with fluorescence reading, and extension at 72°C for 30 s. In addition, a melting curve was used to evaluate the potential of nonspecific products. All samples were analyzed in a single reaction for PAPP-A gene. The comparative CT method was used to determine fold differences between samples. The comparative CT method determines the amount of target, normalized to an endogenous reference (β2M) and relative to a calibrator (2−ΔΔCt) (Menon et al. 2014 ).
Measurements of insulin, IGF-1, adiponectin, leptin, and PAPP-A After 12 weeks of feeding the indicated diets, mice were fasted for 16 h for tissue harvest. Following isoflurane (Butler Animal Health Supply, Dublin, Ohio) anesthesia, mice were bled by cardiac puncture; blood was mixed with EDTA, followed by centrifugation at 10,000×g for 15 min at 4°C for plasma collection. Plasma insulin levels were determined using Ultra-Sensitive Rat Insulin Enzyme-Linked Immunosorbent Assay (ELISA) kit (Crystal Chem Inc., Downers Grove, IL). Plasma IGF-1 levels were determined using a Rat/Mouse IGF-1 ELISA kit (Immunodiagnostic Systems, Adelaide, Australia). Plasma adiponectin levels were determined using a Mouse Adiponectin ELISA Kit (Linco Research, St Charles, MO). Plasma leptin levels were determined using a Mouse Leptin ELISA Kit (Crystal Chem Inc., Downers Grove, IL). PAPP-A levels were determined using a Mouse PAPP-A-ELISA Kit (BG-MUS11883: Nova Tein Bio, Inc., Cambridge, MA). Protocols for all assays were performed according to the manufacturers' manuals.
Plasma cytokine measurements
The cytokine levels were determined using a Q-Plex™ Mouse Cytokine Chemiluminescent array (4-plex, Quansys Biosciences, Logan, UT) according to the manufacturer's instructions. Briefly, the plasma and antigen standards were diluted; 50 μl of standards and samples were pipetted into a 96-well plate and incubated for 1 h at room temperature. After the substrates were added, images were acquired using a FUJI LAS4000 camera and analyzed with Quansys Q-View™ Software.
Indirect calorimetry
For indirect calorimetry, we used adult (12-14 months of age) PAPP-A KO mice (n=4) and normal littermates (n = 3). Indirect calorimetry was performed using the AccuScan Instruments, Inc. PhysioScan Metabolic System (Columbus, Ohio). This system utilizes zirconia and infrared sensors to monitor oxygen (O 2 ) and carbon dioxide (CO 2 ), respectively, inside of respiratory chambers in which individual mice are tested. All comparisons are based on animals studied simultaneously in an effort to minimize the effect of environmental variations and calibration on data. After 24 h acclimation period, mice were monitored in the metabolic chambers for 24 h with ad libitum access to assigned diet (STD or HFHS) and water. Gas samples were collected and analyzed every 10 min per animal. Output parameters include oxygen consumption (VO 2 -mL/kg/min) and respiratory quotient (RQ-VCO 2 /VO 2 ).
Statistical analysis
Analyses were performed by two-way ANOVA test and Student's t test within groups when justified. Repeated measures ANOVA was used to determine the interaction and diet effects for insulin tolerance test (ITT) and glucose tolerance test (GTT). All statistics and graphs were done using Prism 5 (GraphPad Software, San Diego, CA, USA). Alpha was set to 0.05. Values are reported as mean±standard error of the mean (SEM) throughout the figures.
Results
Experiment 1
PAPP-A KO mice accumulate less visceral fat when fed high-fat, high-sucrose diet Subjecting animals to HFHS feeding significantly increased absolute body weight gain in both normal (N) (P=0.0001) and PAPP-A KO (P=0.001) mice when compared to the corresponding controls fed an LFLS diet (Fig. 1a) . However, the HFHS diet had greater effect on body weight gain in PAPP-A KO mice, leading to a 53 % weight increase during the treatment, compared to only a 20 % increase in N mice (Fig. 1b) . Subcutaneous WAT and retroperitoneal WAT significantly increased in both N mice and PAPP-A KO mice fed HFHS diet when compared to corresponding mice fed LFLS diet (P<0.05; Fig. 1c, d ). Interscapular brown adipose tissue (iBAT) was significantly reduced in both N and PAPP-KO mice fed HFHS diet compared to corresponding controls fed LFLS diet (P≤0.02; Fig. 1e ). Yet, iBAT was significantly higher in PAPP-A KO mice fed HFHS diet compared to N mice fed HFHS diet (P=0.04; Fig. 1e ). In addition, iBAT was numerically higher in PAPP-A KO mice fed LFLS compared to N mice fed LFLS diet.
PAPP-KO mice are resistant to the induction of metabolic dysfunction by HFHS diet
Glucose tolerance testing determined that PAPP-A KO mice fed HFHS diet for 6 weeks were significantly more glucose tolerant than N mice fed the same diet at 30 min (P=0.03; Fig. 2a ). Significantly, during the tenth week of the feeding phase, lower clearance of glucose was observed in N mice compared to PAPP-A KO mice at 30 (P=0.02), 45 (P= 0.04), and 60 min (P=0.006) after glucose injection (Fig. 2b) . These data are comparable to recent observations that PAPP-A KO mice fed a high-fat diet for 20 weeks appeared to have enhanced glucose tolerance; however, this apparent effect was not statistically significant ). Furthermore, PAPP-A KO mice fed an HFHS diet showed similar glucose tolerance as PAPP-A KO mice and N mice fed a LFLS diet. No differences were observed in PAPP-A KO mice compared to N mice fed LFLS diet. Insulin tolerance test performed at 6 weeks of treatment did not show any effects of either genotype of diet (Fig. 2c) . However, after 10 weeks of feeding an HFHS diet, PAPP-A KO mice showed enhanced insulin sensitivity when compared to N mice fed HFHS (P=0.02; Fig. 2d ) as determined by area under curve (P = 0.001) (Supplementary Fig. 1 ). Further, PAPP-KO mice fed an HFHS diet seemed to be more insulin sensitive when compared to N and PAPP-KO mice fed an LFLS diet; however, this trend was not statistically significant (Fig. 2d) .
Fasted blood glucose levels increased in both PAPP-A KO (P=0.001) and N (P=0.03) mice fed an HFHS diet compared to the corresponding controls fed with LFLS diet for 12 weeks (Fig. 2e) . Fasted insulin levels were higher in N mice fed HFHS than in PAPP-A KO mice fed either diet (P=0.001; Fig. 2f ). Although insulin levels numerically increased in N mice fed an HFHS diet, this apparent effect was not statistically significant compared to N mice fed an LFLS diet (Fig. 2f) .
Surprisingly, fasted insulin levels in PAPP-A KO mice were not altered by the HFHS diet (Fig. 2f) . Glucose homeostasis involves whole-body glucose tolerance and insulin sensitivity, and we questioned whether alterations in IGF-1 might contribute to the effects of HFHS diets on these parameters. Insulinlike growth factor-1 levels were lower in PAPP-A KO mice fed an HFHS diet when compared to N mice fed an HFHS diet (P=0.02; Fig. 2g ). Yet, there was a significant increase in IGF-1 levels in PAPP-A KO mice fed an HFHS diet compared to PAPP-A KO and N mice fed an LFLS diet (P = 0.002; Fig. 2g ). Furthermore, HFHS-fed N mice had increased IGF-1 levels when compared to N mice fed an LFLS diet (P=0.04; Fig. 2g ). PAPP-A KO mice are protected from pro-inflammatory effects of HFHS Previous studies have shown that PAPP-A is regulated by pro-inflammatory cytokines (Pellitero et al. 2009 ). These cytokines may be responsive to injury, but whether a calorie-dense diet increases cytokines that promote the expression of PAPP-A was unknown. Our immunosorbent analysis indicated that PAPP-A KO mice fed an HFHS diet had lower circulating levels of mouse interleukin-2 (mIL-2), mIL-6, and mTNF-α pro-inflammatory cytokines when compared to N mice fed an HFHS diet (Fig. 3a-c) . mIL-2 levels significantly increased in N mice fed an HFHS diet when compared to N mice fed an LFLS diet and PAPP-A KO mice fed either diet (P=0.0001; Fig. 3a ). mIL-6 levels were increased in N mice fed an HFHS diet when compared to N mice fed an LFLS diet (P=0.004; Fig. 3b ). Furthermore, mIL-6 levels remained low in PAPP-A KO mice fed an HFHS diet when compared to N mice fed an HFHS diet (P=0.006; Fig. 3b ). Although mIL-6 levels seemed to be elevated in PAPP-A KO mice fed an HFHS diet, this trend was not statistically significant (Fig. 3b) . mTNF-α levels were increased in N mice fed an HFHS diet when compared to N mice fed an LFLS diet (P=0.05; Fig. 3c ). In addition, PAPP-A KO mice fed an HFHS diet retained low levels of TNF-α compared to N mice fed an HFHS diet (P=0.001) and did not significantly differ from PAPP-A KO mice fed an LFLS diet (Fig. 3c) .
Anti-inflammatory cytokines may function as intracellular protection by reducing IL-6 and rescuing insulin signaling. PAPP-A KO mice fed an HFHS diet had higher levels of anti-inflammatory cytokines mIL-4 and adiponectin when compared to N mice fed the same diet (Fig. 3d, e) . HFHS feeding in N mice numerically decreased mIL-4 levels compared to N mice fed an LFLS diet. In contrast, in PAPP-A KO mice fed an HFHS diet, mIL-4 levels were elevated (P=0.01) compared to N mice fed an HFHS diet and not statistically different from the levels measured in PAPP-A KO mice fed an LFLS diet. Adiponectin levels were drastically decreased in N mice fed an HFHS diet compared to N mice fed an LFLS diet and PAPP-KO mice fed either diet (P=0.0001; Fig. 3e ). Furthermore, adiponectin levels were higher in PAPP-A KO mice fed an LFLS diet compared to N mice fed an LFLS diet (P=0.01; Fig. 3e) ; strikingly, PAPP-A KO mice fed an HFHS diet did not differ in this regard from mice fed an LFLS diet.
High-fat, high-sucrose diet increased PAPP-A levels in normal littermates
We questioned whether there is a direct effect of HFHS diet on the expression and levels of pro-inflammatory cytokines and expression of PAPP-A levels in mice. We have shown that HFHS diet influences the expression of pro-inflammatory cytokines that are a likely contributor to the expression of PAPP-A. As determined by q-PCR, IL-6 mRNA was increased in N mice fed an HFHS diet when compared to N mice fed an LFLS diet (P=0.002; Fig. 4a ). Expression of PAPP-A mRNA was significantly increased in hepatic tissue of N mice fed an HFHS diet when compared to N mice fed LFLS (P=0.005; Fig. 4b) . Results of an immunosorbent assay indicated that PAPP-A protein levels were also increased by an HFHS diet in N mice (P=0.05; Fig. 4c ).
Experiment 2
Indirect calorimetry
PAPP-A KO mice are sensitive to weight gain in response to HFHS feeding but are resistant to the metabolic dysfunction effects of HFHS as revealed in ITT and GTT. Therefore, we questioned whether their metabolic phenotype would clarify their resistance to the metabolic stressors associated with HFHS diet. We thus utilized indirect calorimetry analysis in a subset of mice to monitor respiratory quotient, oxygen consumption, and carbon dioxide release in PAPP-A KO mice and N mice fed STD. We then switched these same mice (fed STD) to HFHS diet for 10 weeks, thus allowing observations of possible metabolic switch within same animals.
Body weight and feed intake
As expected, PAPP-A KO mice and N mice gain weight respectively to their initial body weight during the 10-week phase of HFHS diet feeding (P= 0.0001; Fig. 5a ). Furthermore, food intake in PAPP-A KO mice fed HFHS diet was significantly higher compared to N mice fed HFHS diet (P = 0.0001; Fig. 5b ). Food intake is predominately regulated by leptin. Leptin is a satiety hormone, abundantly synthesized and secreted by adipocytes, and plasma levels are in proportion to adiposity (Sahu et al. 1993) ; it regulates food intake and energy expenditure to maintain body fat storage (Klok et al. 2007 ). We observed that PAPP-A KO mice fed HFHS diet had significantly lower levels of circulating leptin compared to N mice fed HFHS diet (P = 0.0001; Fig. 5c ).
Oxygen consumption Oxygen consumption, expressed as VO 2 , is the volume of oxygen consumed by an organism over a given period of time (Westbrook et al. 2009 ). VO 2 measurements illustrated the expected diurnal rhythm of increased VO 2 consumption during the dark period, indicating increased movement and feeding of all mice. We first investigated whether oxygen consumption differed in PAPP-A KO mice and N mice fed STD diet. We then evaluated whether oxygen consumption would be altered in either PAPP-A KO mice or N mice after being switched from STD diet to HFHS diet for 10 weeks. Throughout the 24-h measurement period, our indirect calorimetry data showed that PAPP-A KO mice consume more oxygen per gram body weight when compared to N mice when fed STD diet (P=0.001; Fig. 5d ). Remarkably, after 10 weeks of consuming HFHS diet, PAPP-A KO mice retain the ability to consume significantly more oxygen when compared to their N counterparts fed the same HFHS diet (P= 0.001; Fig. 5e ). Further, PAPP-A KO mice fed STD release significantly more carbon dioxide when compared to N mice fed STD (Supplemental Fig. 2 ). Interestingly, PAPP-A KO mice switched from STD to HFHS maintain the ability to release more carbon dioxide than N mice fed HFHS diet (Supplemental Fig. 3 ).
Respiratory quotient The RQ value is calculated using the equation carbon dioxide (CO 2 ) eliminated/oxygen (O 2 ) consumed (Dudley 1977) . The ratio of the amount of CO 2 that is eliminated from the body to the O 2 that is consumed reflects the use of lipids or carbohydrates as an energy source. The values of RQ for organisms in metabolic balance usually range from 1.0, which represents the value expected for pure carbohydrate oxidation, to approximately 0.7, which represents value expected for pure fat oxidation (Lusk and Riche 1912; Lusk 1928) . All mice illustrated the expected diurnal rhythm of increased RQ during the dark period, indicating increased movement and feeding. There was no difference in RQ for the 12-h light or 12-h dark cycle period during 24-h measurement in PAPP-A KO mice fed STD when compared to N mice fed STD (Fig. 5c ). However after 10 weeks of HFHS diet, RQ values for PAPP-A KO mice significantly lower during the 12-h light (P=0.01) and 12-h (P=0.001) dark cycle period when compared to N mice fed HFHS during the 24-h measurement (Fig. 5d ). These data indicate that PAPP-A KO mice fed HFHS diet are able to rely on fat as their primary source of energy more so than their littermate controls.
Discussion
Three major strong associations involving gene expression and mechanisms of longevity in mammals are confirmed in the current study: the relationship of adiponectin to insulin sensitivity; the relationship of diet and pro-inflammatory cytokines to lifespan; and the suggestion of metabolic flexibility as protection from calorie-dense diets. The relationship of insulin/IGF-1 signaling to stress resistance and longevity is further supported by the observation that PAPP-A KO females are more resistant to the induction of diabetic nephropathy by streptozotocin treatment when compared to wild-type mice (Mader et al. 2013 ).
Consumption of calorie-dense diets without physical activity increases fat accumulation primarily in WAT. Visceral WAT (VIS) influences whole-body glucose homeostasis, and excessive VAT accumulation is associated with metabolic syndrome, including insulin resistance (Rasouli et al. 2007) . Total weight gain of VIS was increased in both PAPP-A KO mice and N littermates fed an HFHS diet, and this gain was increased proportionally to their initial body weight. Yet, PAPP-A KO mice fed HFHS diet gained less VIS compared to total VIS gain in N mice fed HFHS diet suggesting that PAPP-A deficiency alters VIS accumulation. The degree of fat storage is dependent on lipolysis, which results in fatty acid release from the cell and consequently a decrease of adipocyte size. Conover et al. showed that PAPP-A KO mice fed high-fat diet (HFD) for 20 weeks restrained enlargement of visceral adipocyte size and cell number compared to normal mice fed HFD ). In addition, other studies have shown that PAPP-A expression significantly decreased expression of genes associated to lipid metabolism (i.e., LXRα pathway) at transcriptional and translational levels in pathogenesis of atherosclerosis (Tang et al. 2012) . These data suggest that the deletion of papp-a is associated to smaller adipocyte size and cell number in VIS-WAT, even during consumption of calorie dense diets, and promotes lipid metabolism in adipocytes.
Extended longevity of PAPP-A KO mice reflects reduced levels of free bioactive IGF-1. Here, we show that an HFHS diet increased IGF-1 levels in PAPP-A KO mice when compared to PAPP-A KO fed LFLS, yet it did not impair glucose homoeostasis as measured by ITT and GTT in these animals. We observed that PAPP-A KO mice fed an HFHS diet have improved glucose assimilation during GTT and are more insulin sensitive, despite increased adiposity, compared to their N littermates fed an HFHS diet. This phenotype resembles other long-lived mice, namely Ames dwarf and GHR-KO mice which have increased adiposity as a result of either deleted or diminished growth hormone signaling. Although Ames dwarf mice have a "chubby" phenotype, they are extremely insulin sensitive, have lower levels of insulin, as well as increased lifespan compared to N littermates when fed a standard chow and calorierestricted diet (Brown-Borg et al. 1996; Bartke et al. 2011) . Recently, we have observed that Ames dwarf mice fed a HFD (60 % fat) for 12 weeks increase in adiposity yet remain insulin sensitive and have low levels of insulin (unpublished data). Insulin levels were lower in PAPP-A KO fed an HFHS diet when compared to normal littermates fed HFHS and did not differ from those measured in PAPP-A KO fed LFLS. This was surprising in view of the documented effects of calorie-dense diets in the etiology of metabolic syndrome, including hyperinsulinemia (Coppack 2005) . We suspect that high IGF-1 levels in PAPP-A KO mice fed HFHS may have contributed to physiological compensation to maintain glucose homeostasis in these mice (Blundell and Humbell 1980) . These data indicate that PAPP-A KO mice are protected from metabolic dysfunction induced by HFHS feeding, taking into account that this diet is a combination of high-calorie nutrients. Prolonged consumption of diets high in fat induces obesity and promotes local and chronic systemic inflammation with consequent changes impairing insulin signaling in mice (Wiedemann et al. 2013 ) and humans (Seith et al. 1999) . Pro-inflammatory cytokines such as IL-6 and TNF-α are elevated in obesity and insulin resistance. IL-6 is elevated by high insulin levels and TNF-α in plasma and WAT, and it impacts insulin signaling by switching tyrosine to serine phosphorylation of the insulin receptor substrate-1 (IRS-1) (Fasshauer et al. 2003) . Furthermore, IL-2 induces low-grade inflammation through the activation of adipocytes and type 1 T-helper (Th1) cell migration promoting insulin resistance (Wagner et al. 2013; Olefsky and Glass 2010; Gordon 2003) . Our data show that PAPP-A KO female mice fed a combined HFHS diet have lower levels of inflammatory cytokines IL-2, IL-6, and TNF-α when compared to their N littermates fed an HFHS diet, thus escaping "obesity-linked inflammatory diseases." Furthermore, PAPP-A KO mice fed an HFHS diet have higher levels of anti-inflammatory cytokines IL-4 and adiponectin.
Interleukin 4 represents an anti-inflammatory response to stress conditions such as wound healing and tissue remodeling by enhancing the mannose receptor, the IL-1 receptor antagonist that elicits a proinflammatory response (Stein et al. 1992) . The intracellular mechanism by which IL-4 functions is partially mediated by signal transducer and activator of transcription 6 (STAT6) (Ohmori et al. 1996) . Activated transcription factors phosphorylate Janus Kinase 3 (JAK 3) at a tyrosine residue (Tyr641) after IL-4 binds to the IL-4 receptor and induces IL-4-related genes, including adiponectin (Takeda et al. 1996; Nelms et al. 1999; Mandal et al. 2011) .
Adiponectin is an adipocyte-derived cytokine that has well-characterized anti-inflammatory effects, including suppression of macrophage differentiation and migration (Yokota et al. 2000) , chemokine production, and T cell migration (Okamoto et al. 2008) . Furthermore, adiponectin levels correlate with the delayed aging and enhanced insulin sensitivity. For example, an increase in adiponectin has been well established in long-lived mice such as Ames dwarf (Wang et al. 2006) , Snell dwarf (Brooks et al. 2007) , and GHR-KO (Berryman et al. 2011) mice, and adiponectin is more abundant in plasma of human subjects without metabolic syndrome (Bik and Baranowska 2009; Coppack 2005) . Here, we show that HFHS diet suppresses adiponectin levels in N mice, but PAPP-A KO mice are completely protected from this effect. Furthermore, HFHS-fed N littermates had lower levels of adiponectin when compared to LFLS-fed N littermates. To support our findings, recent studies show that PAPP-A KO mice fed HFD for 10 weeks had higher mRNA level of adiponectin and lower mRNA levels of TNF-α in perigonadal adipose tissue . As in reference to PAPP-A KO mice having smaller adipocyte size, it can be assumed that smaller adipocyte size and increased adiponectin possibly protect PAPP-A KO mice fed HFHS from metabolic dysfunction.
Pro-inflammatory cytokines (PICs) such as IL-6 and TNF-α mediate the expression of PAPP-A protease in cell culture (Boldt and Conover 2007) . Furthermore, studies suggest that glycemic control is associated with PAPP-A expression in human subjects (Pellitero et al. 2009 ). Thus, we questioned whether PAPP-A protease levels would be altered by an HFHS diet in N littermates.
We show that the N littermates fed an HFHS diet had higher PAPP-A protease mRNA and protein levels than the N littermates fed an LFLS diet. These data strongly support the results of in vitro studies (Boldt and Conover 2007) that associate PAPP-A protease expression with PICs. Importantly, we observed the expected detrimental outcome in the N littermates fed an HFHS diet, in which PICs are increased and PAPP-A protease levels are higher when compared to N littermates fed an LFLS diet.
Lastly, we investigated the metabolic phenotype of PAPP-A KO mice and N mice fed STD by indirect calorimetry. PAPP-A KO mice fed STD consume more oxygen compared to normal mice fed STD, while respiratory quotient did not differ in PAPP-KO mice compared to N mice fed STD. However, at 10 weeks of feeding HFHS diet, significantly increased oxygen consumption (VO 2 ) was observed in PAPP-A KO mice fed HFHS diet compared to normal mice fed the same diet. These data may support the theory that increased oxygen consumption (VO 2 ) has a positive relationship to longevity and decreases the production of reactive oxygen species (ROS) in mitochondria. An increase in VO 2 per gram body weight in smaller mice is also associated with a significant reduction in RQ (Westbrook et al. 2009 ). RQ provides an approximation of the use of metabolic fuels to generate energy with an RQ of 1.0 representing use of carbohydrates and RQ of 0.7 representing use of fats (Lusk 1912 (Lusk , 1928 . β-oxidation of fatty acids also known as "fat burning" represents an increased dependence on fats to satisfy energy needs and has been associated with improved metabolic homeostasis and extended longevity in humans and mice (Westbrook et al. 2009; Zurlo et al. 1990; Seidell et al. 1992; Solaini et al. 2010) . We observed that RQ was significantly lower in PAPP-A KO mice fed HFHS diet compared to N mice fed HFHS diet. In addition, a decrease in iBAT in PAPP-A KO mice fed HFHS might be related "browning" of WAT inducing thermogenesis in this adipose tissue compartment.. We may suggest that PAPP-A KO mice fed HFHS diet utilize fatty acids as a major source of fuel through β-oxidation.
We conclude that PAPP-A KO female mice are resistant to the detrimental metabolic effects of HFHS, apparently due to the protection provided by the increase of anti-inflammatory cytokines and suppression of pro-inflammatory cytokines and a remarkably metabolic flexible phenotype. Furthermore, the expression of the PAPP-A protease has a role in glucose homeostasis as determined by increased levels of pro-inflammatory cytokines and impaired insulin signaling observed in N littermates fed HFHS.
